ABSTRACT: Small-angle neutron scattering (SANS) experiments have become one of the most important techniques in the investigation of the properties of material on the atomic scale. Until 2001, nearly exclusively 3 He-based detectors were used for neutron detection in these experiments, but due to the scarcity of 3 He and its steeply rising price, researchers started to look for suitable alternatives. Scintillation based solid state detectors appeared as a prominent alternative. Silicon photomultipliers (SiPM), having single photon resolution, lower bias voltages compared to photomultiplier tubes (PMT), insensitivity to magnetic fields, low cost, possibility of modular design and higher readout rates, have the potential of becoming a photon detector of choice in scintillator based neutron detectors.
He and its steeply rising price, researchers started to look for suitable alternatives. Scintillation based solid state detectors appeared as a prominent alternative. Silicon photomultipliers (SiPM), having single photon resolution, lower bias voltages compared to photomultiplier tubes (PMT), insensitivity to magnetic fields, low cost, possibility of modular design and higher readout rates, have the potential of becoming a photon detector of choice in scintillator based neutron detectors.
The major concerns for utilizing the SiPM technology in this kind of applications are the increase in their noise performance and the decrease in their photon detection efficiency (PDE) due to direct exposure to neutrons. Here, a detailed comparative analysis of the PDE performance in the range between UV and NIR parts of the spectra for three different SiPM technologies, before and after irradiation with cold neutrons, has been carried out. For this investigation, one digital and two analog SiPM arrays were irradiated with 5Å wavelength cold neutrons and up to a dose of 6×10 
Introduction
The detection and measurement of neutrons are vital in a wide range of fields including homeland security, radiation protection and scientific research of soft and condensed matter due to their exclusive interaction with atom nuclei instead of interacting with electron clouds and their scattering properties from magnetic structures. Small-angle neutron scattering (SANS) experiments are one important technique in the investigation of material properties on the atomic scale that is based on the said characteristics [1] . For a long time, neutron detection material of choice for this kind of applications has been 3 He. The detectors based on this gas have high detection efficiency (70%) for thermal neutrons and good gamma radiation discrimination ratio (~10 -6 ) [2] . The problem over the last decade has been nevertheless the low worldwide availability of 3 He, its increased cost [3] and need for higher counting rates than currently available (of up to 7 Mcps [4] ). All of this has triggered the search for novel approaches for detecting cold and thermal neutrons. Scintillation based detection is one viable technique [2] evolved for neutron detection. As explained in [5] , we propose using a pixelated solid-state scintillation detector consisting of a 6 Li-enriched cerium activated (Ce 3+ ) glass scintillator covering a Silicon Photomultiplier (SiPM) array (see Fig.1 ) to detect the cold neutrons. The main concern for using SiPM technology under the exposure to neutrons is its radiation hardness. The latter because the bulk damage and radiation induced defects caused by neutrons lead to an increase in the dark current of the SiPMs and affect their charge collection efficiency [5] . The dark current behavior for three different SiPM technologies under neutron irradiation were studied and quantified, as reported in [5] . In order to assess the possibility of using this technology in scintillation based neutron detectors, we irradiated two analog and one digital SiPM array (refer to 
Experimental Apparatus and Procedure
In order to carry out the experiment, three measurement systems have been used: an optical measurement system, an electronic measurement system and a tile evaluation kit (TEK) [8] provided by the Philips Digital Photon Counting. The first two systems were used for the evaluation of the two analog SiPM arrays, whereas then TEK along with the optical measurement system were used for characterizing the digital SiPM array (also referred as PDPC in this literature).
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Optical Measurement System
aSpect Systems GmbH [9] developed a customized measurement system to perform the current tests. It consists mainly of a monochromatic light source and a lock-in amplifier based readout system. It is capable of producing monochromatic light in the wavelength range of 200 nm to 1.1 µm, while maintaining the constant temperature (in the range between -20ºC and 60ºC) within the system, using a double stage Peltier element cooling system. The preamplifiers in combination with the lock-in amplifiers allow for ultra-low noise dc measurements down to the femtoampere range. The schematic of the system is shown in Fig. 3 . For reference measurement of the irradiance on the SiPM arrays, we used two certified and calibrated photodiodes S1336-5BQ developed by Hamamatsu Photonics. The first reference photodiode, whose wavelength dependent optical sensitivity curve (in A/W) has been measured and certified, is placed in the same position where in the following measurement the device under test (DUT), in our case the SiPM, will be placed. By measuring the output current of this photodiode the system is capable of calculating the amount of light impinging it (in W/m 2 ) by using the optical sensitivity information. The second reference photodiode is placed in the optical stack (see Fig. 3 ) to obtain a homogenous linearized illumination spot on the DUT, for controlling purpose. The entire system produces an average measurement uncertainty of up to 16.6 % that includes the 4.5 % uncertainty of the reference photodiode's optical sensitivity as reported by the lab issuing the measurement certificate.
Electronic Measurement System
In order to readout the analog SiPM arrays, an electronic measurement system was developed in the frame of this experiment. It consists of a 32-channel data acquisition module (DAQ) and a programmable power supply. The schematic of the system is shown in Fig. 4 . The SiPM arrays are biased above the breakdown voltage to enable the operation in Geiger mode. The output signals of the SiPMs are measured on a load resistance of 1 using the DAQ having a sampling rate of 500kS/s and , placed in parallel with the load resistance. The automation of the system is realized in LabView environment. A digital thermometer is used to monitor the temperature at the surface of the SiPM arrays. We considered only four channels, i.e. four SiPMs, positioned at the center of the arrays to avoid complexity of the measurement system. 
Tile Evaluation Kit (TEK)
The Tile Evaluation Kit was provided by the manufacturer Philips Digital Photon Counting for the readout of the digital SiPM. It comprises a base unit, a power supply unit and a laptop with pre-installed software. The photodetector tile modules provide a direct digital signal per photosensitive cells for each detected photon event. It offers background suppression and also the possibility of de-activating especially noisy cells in each measurement by setting some measurement parameters (such as trigger threshold, validation interval and integration interval etc.) in the software. The system offers the possibility of turning on and measuring only individual photosensitive microcell (3200 microcells or single photon avalanche diodes in one SiPM, refer to table 1) while deactivating all the other microcells in one SiPM (referred as pixel by PDPC). This operation is called Dark Count Mapping (DCM) and allows for an accurate scanning of all the 3200 photoactive microcells without additional effects such as cross-talk (as the neighboring cells are not active). We used the DCM measurements while illuminating the defined PDPC pixel with the monochromatic light source, and repeated the measurement for each individual wavelength.
Photon Detection Efficiency (PDE) Evaluation
Once we fully characterized and evaluated the measurement setup, the PDE for non-irradiated sensors were measured, followed by the measurement of the irradiated ones, i.e. sensors exposed directly to the neutrons. The first task was to determine the wavelength dependent intensity of the incident light beam, by using the spectral sensitivity (A/W) of the calibrated reference photodiode. Subsequently, for the same light beam, the reference photodiode was replaced by the SiPM arrays under identical measuring conditions, following the method explained in [10] [11] .
Before doing the measurements, we had to determine the suitable light intensity to be impinged on the sensors. As the number of microcells is limited and each microcell has a certain recovery time, the linear output of the SiPM for a certain range of impinging optical power is limited. Using inappropriate light flux can lead to a false or underestimated determination of the PDE. Hence, the response of the SiPMs to the light intensity was characterized and the range of linear behavior of the SiPMs was defined. We used light intensity ten times lower than the one causing the saturation. A rule of thumb for the suitable light flux intensity was maximum ~10 . The sensitivity of the reference photodiode was much less than the ones of the SiPMs, so we had to use absorptive neutral density filters to obtain the desired light flux. We used the TEK and the optical measurement system to evaluate the PDE of the PDPC. For a specific integration time, we calculated the ratio of the number of photons detected by the sensor to the Fig. 5 : Graph comparing the average PDE of four SiPMs of the digital SiPM array, measured at 21°C for non-irradiated and irradiated PDPC tiles respectively for the wavelength range between 300 nm and 1100 nm at a step of 10 nm [12] .
number of photons impinging on the sensor. After getting the PDE data for both, the nonirradiated and irradiated digital sensors respectively, we plotted and compared them as shown in Fig. 5 . As explained in [5] , the neutron irradiation of silicon causes an increase in the dark count krate of the SiPM mainly due to the introduction of point defects in the silicon crystalline lattice, approximately two to five of those by each absorbed thermal or cold neutron. This alone causes the PDE to decrease due to the fact that once triggered by a thermally generated electron, a single photon avalanche photodiode (microcell of the SiPM) remains blind to the possible incoming photons during the quenching phase. The more avalanche events are caused by the thermally generated electrons (dark current), the more insensitive the SiPM gets to the impinging photons. Moreover, the reaction of an impinging neutron with the 30 Si isotope, that converts it into a 31 Si that immediately decays into a 30 P atom followed by a negative beta decay, causes the n-type doping of silicon to increase due to immediate ionization of the phosphorus atoms in the silicon grid. Increased doping concentration and the additional crystalline defects diminish the life-times of the photon generated charge carriers, especially if they are generated outside of the depletion (avalanche) region of the photodiode and have to diffuse into it. The actual quantitative decrease of the PDE depends nevertheless on the actual structure of the individual photosensitive cells. The results observed suggest that decrease in the PDE remained nevertheless below the measurement uncertainty of the system used, i.e. 16.6 %.
In the photocurrent measurement approach used for analog SiPMs, firstly the breakdown voltage of the SiPMs was determined by using the electronic measurement system along with the optical measurement system. The SiPM detector under test was biased and a voltage sweep in steps of 100mV was performed from 0V to approx. 20% above the breakdown voltage (specified by the manufacturer). In order to have sufficiently enough statistics, for each bias step 128 current sample (Iout) at a sampling rate of 1kHz were taken and the average Iout versus biasing voltage (Vbias) were drawn for each individual pixel for the entire spectrum of interest. From the Iout -Vbias curves, the breakdown voltage was determined using the inverse logarithmic derivative method [13] . The total output current of the SiPM under the dark condition is contributed by dark current, crosstalk, and afterpulse. These all have a dependency with the breakdown voltage and the gain of the SiPM, so the SiPM output current can be approximated by Eq.1 [14] .
and they define the shape of the I-V curve, Vbias and VBD are the bias and the breakdown voltages respectively. Therefore, inverse logarithmic derivative of this current is expressed by Eq. 2.
Using Eq. 2, the breakdown voltage can be evaluated by extrapolating to zero. Three different approaches were used here, namely: determining the maximum of (dI/dV)/I curve, the maximum of the (dln(I)/dV) -1 curve, and the minimum of the (dln(abs(I))/dV) -1 curve. Among the three approaches, a discrepancy of ~200 mV was found. We adopted the first approach due to the fact that the value determined by this method was closest to the value claimed by the manufacturer. By using this method, average breakdown voltages were determined over the desired spectral range for each pixel. The overvoltage ( ) recommendation by each respective manufacturer for the Geiger mode operation, was used namely 2.5V and 2.6V respectively for SensL and Hamamatsu SiPMs. The number of photons detected by the SiPMs were calculated by taking the ratio of the measured photogenerated charges to the gain of the SiPMs in the Geiger mode with thermally generated charge (dark current) corrections. For the evaluation of the gain of the SiPM arrays we tried to follow the approach reported in [15] , for the single SiPM. However, due to the measurement difficulties we decided to use the gain values from the data sheets of the manufacturers (3×10   6 for SensL and 1.25×10 6 for Hamamatsu). The gain depends on the breakdown voltage, the junction capacitance and the applied overvoltage are compensated for by the fact that the measured data are always extracted from the Iout -Vbias curves and are based on the actual breakdown voltage values. In order to achieve a better signalto-noise ratio, irradiated sensors were cooled down to -7°C to reduce the dark currents. To get the PDE data, the number of photons detected by the SiPMs was divided by the number of photon impinging on the SiPM arrays. The same process was repeated for both SensL and Hamamatsu SiPM arrays and PDE curves of the average of four SiPMs were plotted and compared for the non-irradiated and irradiated detectors as shown Fig. 6 , which shows a decreasing tendency in the PDE. The average measurement uncertainty for the analog SiPM arrays was observed to be of 12.8 %, which includes the uncertainty of the measurement system (6 %), the optical measurement system (10.3 %), and the uncertainty of the optical sensitivity of the reference photodiode (4.5 %). 
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Conclusion
The obtained results show that SiPM arrays are sufficiently tolerant to radiation in terms of photodetection variation, even for doses up to 6×10 12 n/cm 2 , if irradiated by neutrons of 5Å wavelength. The performance degradations (see table 2) observed for the different SiPM technologies under test are insignificant under the consideration of measurement uncertainty and they appear as promising candidates for the photodetector of choice to be used in scintillation based neutron detection applications. Although Hamamatsu detectors had an approximate decrease of 10 %, which can be due to the high doses, the comparative study of wavelength dependent PDE for these SiPM arrays under the neutron exposure provides a fruitful insight for their acceptability in these kind of applications, considering their features and conditions normally present in SANS experiments.
